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Abstract
Actual implementation of an eﬃcient SHM system is necessarily hampered by the constraints of power-consumption and intrusive-
ness (weight, size, in-service integration) of sensors. In the ﬁeld of ultrasound-based SHM, conventional methods rely on relatively
powerful acoustic sources synchronized with the sensors, and exploit only the ﬁrst propagated (ballistic) wavepackets. The aim of
this paper is to present possible techniques to exploit the whole complexity of reverberation signals, in order to extract the maxi-
mum information from limited hardware, software, or power resources. A ﬁrst aspect is the extraction of statistical properties of
the codas of multiply-reﬂected signals, which can be used to estimate structural properties from a small number of sensors. In this
technique, the required signal processing is relatively light and synchronization between the acquisition channels is not necessary.
A second aspect is concerned with the possibility of using ambient acoustic sources, naturally present for example in transportation
applications, instead of artiﬁcial power-consuming ultrasound sources.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
For about ﬁfteen years, the concept of Structural Health Monitoring (SHM) has received growing interest among
researchers. The aim being to monitor the state of a structure during service, sensors have to be attached to the
structural components. Since guided elastic waves (Lamb waves) are sensitive to structural defects, propagate over
long distances and are easily generated and detected using piezoelectric transducers, they are generally considered
a good candidate for SHM. As in usual ultrasound-based NDT techniques, classical SHM principles rely on early
wavepackets and echos, and the possible multiple reﬂections are ignored and even considered as noise. Still, some
information is contained in these reﬂections and in the sake of resource minimization (number and intrusiveness of
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sensors, power consumption, etc.), it is useful to extract the maximum quantity of information from the recorded
signals. This paper presents a short overview of our contributions to this question: exploiting the whole long-duration
reverberated signals.
First, recent results concerning the estimation of structural or source parameters using averaging of the reverbera-
tion envelopes will be presented (Moulin et al. (2012); Achdjian et al. (2014)). Then, passive localization of a defect by
noise correlation in a reverberant plate will be presented. The advantage is the possibility to replace power-consuming
ultrasound emission by ambient noise naturally available. In this case, reverberation improves the eﬃciency of the
localization (Weaver and Lobkis (2001); Derode et al. (2003); Larose et al. (2006); Moulin et al. (2009)).
2. Parameter estimation from reverberation properties
Consider a short-duration signal s0(t) with a narrow frequency band centered around ω0, emited by a source point
located at the surface of a plate with low acoustic attenuation. After reverberant propagation, signals are recorded at
Ns sensors arbitrarily located on the plate (Fig. 1, left).
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Fig. 1. Description of experimental setup (left). Example of average signal envelope obtained (right).
In the assumption of a single propagating mode, the mathematical expectation of the envelope of the recorded
signals is given by a decreasing exponential function (see Moulin et al. (2012) for more details):
E
[
|HR(t)|2
]
 2π vg0 DsS e
−2t/τ , (1)
where HR(t) is the complex analytic representation of the reverberated signal hR(t) received at an arbitrary sensor
location. τ is an attenuation constant related to the reverberation time of the plate, S the plate surface area, vg0 the
group velocity at frequency ω0. Finally, Ds is a term related to the acoustical energy injected by the source in the plate
and can be approximated by Ds  2 rm
∫ T0m
0
[
hDm(t)
]2
dt, with rm the distance between the source and the mth receiver,
and hDm(t) = s(rm, t) the signal corresponding to the direct source-receiver path.
An example of an averaged envelope of experimental signals recorded on a few sensors on a rectangular aluminum
plate of 2×1 m2 area and 6 mm thickness is presented on Fig. 1-right (blue curve). A good agreement is observed
between this experimental curve and the theoretical expectation (red dashed line) given by Eq. (1). Then an experi-
mental value of the amplitude term in Eq. (1) can be deduced by a simple ﬁtting. This can be used to extract the mode
velocity, the plate surface area or source features (position, injected power) with a low sensor density.
We illustrate below an application of this principle to the localization of an impulse source. Assuming that vg0
and S are known and that the direct-path wavepackets of signals received on a set of receivers can be isolated from
the reﬂections, the distances rm can be estimated and then the source can be localized through a least-square method.
The details of this technique can be found in Achdjian et al. (2014). A few experimental results are presented on
Fig. 2. The medium is an aluminum plate (2×1 m2, 6-mm thick) where three piezoelectric receivers have been glued
(denoted Rm on the ﬁgures). The source is a pencil-lead breaking applied at the plate surface. The actual source
location, indicated by a small black circle, is correctly estimated.
An interesting fact is that the localization is possible even using three sensors only, contrary to classical acoustic
emission (EA) techniques, which require at least four sensors for unambiguous localization. Moreover, since the
principle does not rely on time-of-ﬂight estimation, no synchronization of the acquisition channels is required.
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Fig. 2. Experimental examples of source localization.
3. Passive defect detection in a plate by noise correlation
Consider now a set of Ns uncorrelated sources arbitrarily distributed on a plate and emiting random noises with
identical power spectrum Rn(ω) (Fig. 3, left). As shown in a recent publication (Chehami et al. (2014)), the cross-
correlation of signals recorded on two receiving positions Ri and R j is directly related to the Green’s function between
these positions. Formally, in the case of a thin plate of area S, thickness h, density ρ and characteristic attenuation
time τa, it has been shown in a recent publication (Chehami et al. (2014)) that the corresponding frequency-domain
relation is
Ci j(ω) = NsDi j(ω) + Ni j(ω), with Di j(ω) = 
[
G(ri, r j, ω)
] τaRn(ω)
ωρhS (2)
where G is the Green’s function and Ni j is an incoherent additive term. Di j can be interpreted as the quantity that
would have been obtained in an active experiment (emission at Ri, reception at R j) and can therefore be used for
imaging purpose. In that interpretation, Ni j corresponds to the error in the reconstruction of Di j. Its eﬀect can be
quantiﬁed by the following “relative noise level” : RNL =
∫ |Ni j|2dω / ∫ |NsDi j|2dω. In the case of a rectangular plate
with modal density D0, it can be shown that
RNL(Ns)  1Ns
(
5
4
+
πD0
τa
)
(3)
This strong dependence of the passive GF reconstruction on the number of noise sources is illustrated in Fig. 3
(right). Flexural wave propagation in a rectangular aluminum plate of dimensions 0.5× 0.3 m2 and 3 mm of thickness
has been simulated using the Elmer ﬁnite element software. The RNL values obtained, as a function of the number of
sources (denoted Sk), at each pair of a set of eight transducers Ri distributed on the plate surface as shown on (Fig. 3,
left) have been averaged over all pairs (blue dots on Fig. 3, right). The theoretical curve (red line) drawn from Eq. (3)
is in good agreement.
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Fig. 3. Setup for numerical passive GF reconstruction test (left). Numerical and theoretical reconstruction error (right).
The diﬀerential correlations ΔCi j (diﬀerence between Ci j obtained in the plate simulated with a defect and Ci j in
the defect-free plate) are then used as inputs of a localization algorithm. Details of this algorithm have been given
elsewhere (Chehami et al. (2014)). Basically, it consists of a beamforming process with coherent summation of back-
propagated signals, taking into account the ﬂexural mode dispersion. An example of experimental localization image
is presented on Fig. 4 (right). Here the defect is a pair of magnets of diameters 9 mm coupled at each side of an
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aluminum plate (2 × 1 m2, 3-mm thick) at the position indicated by a small black circle. The sources are twenty
piezoelectric transducers fed with noise in the band 5-50 kHz. For comparison, the result of the same algorithm
applied to the simulated active responses (all receiver position playing successively the role of emitters and receivers)
is also shown on Fig. 4 (left).
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Fig. 4. Experimental defect localization images. From active responses (left) and from noise correlation with 20 noise sources (right).
Though the passively-obtained image exhibits more spurious lobes than the active one, localization of the defect is
unambiguous.
4. Conclusion
The work presented in this paper illustrate the fact that judicious exploitation of long-duration reverberation sig-
nals allow to extract useful information about the characteristics of a structure, with a limited number of sensors.
Two processing methods have been presented: curve ﬁtting on the averaged signal envelopes and correlation of the
reverberated noise ﬁeld. Application of the ﬁrst method to source localization is presented. Particular interests of this
method are that unambiguous source localization is achievable in principle using only three sensors and that no time
synchronisation between sensors is required. Then passive defect localization results obtained from noise correlation
in a reverberant plate have been presented. The ultimate aim here is to be able to use natural or ambient acoustic
noise to totally replace ultrasound emission and therefore minimize required resources. The presented results are
encouraging.
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